INTRODUCTION
High dose rate (HDR) 192 Ir brachytherapy is one of the widely used clinical practices wherein localized high-dose is delivered to the target volume from a small encapsulated highly-active 192 Ir source guided into the patient body. Monte Carlo (MC) simulation is one of the reliable methods for the dosimetry of the HDR 192 Ir brachytherapy source. With rapid progress of the computing power and memory, the Monte Carlo dosimetry of the HDR 192 Ir brachytherapy source is becoming more practical these days.
Many authors were devoted to the Monte Carlo characterization of the HDR 192 Ir brachytherapy sources. [1] [2] [3] [4] [5] [6] [7] They calculated basic dosimetry parameters defined in the dose calculation formalism recommended in the AAPM Task Group 43 (TG-43) 8) report and its update TG-43U1. 9) In the present study, we carried out MC simulation with PENELOPE 10, 11) to have the dosimetry parameters of the HDR 192 Ir brachytherapy source IRH10 developed by the Korea Atomic Energy Research Institute (KAERI). The dosimetry parameters of the IRH10 calculated from the TG-43U1 formalism are given in tables and figures. Other independent experimental studies on the evaluation of the dosimetric properties of the IRH10 are in progress. The purpose of the present study is to publish reliable MC based dosimetry parameters for the experimental verification. After thorough experimental verification and critical assessment, it will be determined whether our MC data may be introducible in part or as a whole in clinical applications.
MATERIALS AND MTEHODS

IRH10 HDR brachytherapy source
Recently, KAERI has developed a new HDR 192 Ir brachytherapy source model IRH10 which has been under pre-clinical tests. The HDR source IRH10 has a cylindrical active iridium core with diameter of 0.6 mm and length of 3.5 mm, which is contained in a 316L stainless steel capsule of 1.1 mm diameter and 5.2 mm length. A stainless steel wire of 1.1 mm outer diameter is welded to the end of the capsule. The densities of the iridium core and the stainless steel capsule were taken from the material data sheet as 22.42 and 8.03 g/cm 3 , respectively. The effective density of the wire was 5.15 g/cm 3 . The densities were confirmed by measurements with sample parts. The elemental composition of the stainless steel 316L is given in Table 1 . Along with the schematic diagram showing the coordinate systems used in the simulation of the HDR
192
Ir brachytherapy source IRH10, the dimensions and materials of IRH10 are given in Fig. 1 . In order to confirm the dimensions given by the manufacturer, a set of measurements was made over twenty IRH10 sample parts and un-irradiated iridium cores. The machining tolerances of the IRH10 obtained from the measurements are presented in the figure. The active iridium core has been produced from the neutron activation by the 30 MW research reactor HANARO at KAERI.
In our Monte Carlo simulation using PENELOPE, the 192 Ir was assumed to be uniformly distributed in the iridium core so that the photons emitted from the 192 Ir were generated uniformly in the core. During the radioactive decay of 192 Ir, the beta decay mode competes with the electron capture resulting in several tens of the excited states which emit gamma-and X-rays through de-excitation and neutralization processes. Borg and Rogers reported that the difference between the air kerma strengths calculated with the cutoff energy 0 and 11.3 keV was negligible.
12) Glasgow and Dillman regarded the photons with energy less than 11.3 keV as non-penetrating. 13) Hence, all photons with energies greater than 10 keV were considered in the present study.
On average 2.335 photons with a broad range of energy 10.2 keV to 1.378 MeV are emitted per decay.
14) The intensity weighted average energy of the 192 Ir photons is 350.2 keV for the energy range. The energies, intensities and uncertainties of the 192 Ir photons are given in Table 2 . The uncertainty of the intensity weighted average of the present source spectrum is 0.53%. The beta-particles from the 192 Ir were ignored. The bremsstrahlung contribution to the air kerma was reported as 0.2% for the microSelectron HDR 192 Ir source being in a cylindrical shape of 3.6 mm length and 0.65 mm diameter, 12) the dimension of which is comparable to IRH10. 
Dosimetry parameters
The absorbed dose-rate to water at a point P(r, θ) is given in TG-43U1 as (1) where r is the distance from the center of the 192 Ir active core to the point P (see Fig. 1 ), θ the polar angle subtended by the point P, S K the air kerma strength of the 192 Ir HDR brachytherapy source, Λ the dose-rate constant, G L the geometry function, r 0 the reference distance set to 1 cm, θ 0 the reference polar angle of 90° which defines the source transversal plane, g L the radial dose function and F the anisotropy function. The air kerma strength SK is the air kerma rate K . δ (d) in vacuo multiplied by the square of the distance in which the subscript δ means the lower limit of the photon energy considered in the calculation of the air kerma.
We set δ to be 10 keV.
Monte Carlo calculation
PENELOPE is a general purpose Monte Carlo simulation code of the coupled electron and photon transport for a wide range of energy from a few hundreds eV to 1 GeV incident on various media. Extensive experimental and theoretical benchmark tests validate the use of PENELOPE in the brachytherapy dosimetry problems. [15] [16] [17] [18] [19] [20] Use of the post-1980 cross-section data or preferably those equivalent to the XCOM datasets 21) such as DLP-146 22) or EPDL97 23) is required in the reference Monte Carlo brachytherapy dosimetry.
9) PENELOPE uses tables of total cross-sections for pair production and photoelectric absorption given by the database XCOM and EPDL97, respectively. All the possible interactions of the photon with energy up to 1.378 MeV such as coherent (or Rayleigh) scattering, incoherent scattering, pair production, K-and L-shell x-ray fluorescence due to atomic relaxation process were considered. Detailed description on the PENELOPE mechanics dealing with the random nature of the photon and electron transport can be referred elsewhere. 10) IRH10 was at the center of a 4 × 4 × 4 m 3 air cube when the air kerma strength was calculated in air. The air density, relative humidity and the composition of air were taken from TG-43U1. The air kerma strengths in vacuo was also calculated. The dosimetry parameters were calculated in a spherical liquid water phantom of 500 mm radius at 22°C with a density of 0.998 g/cm 3 at the center of which the HDR source was placed. In the calculation of the absorbed dose for r ≤ 200 mm from 192 Ir source, the water sphere acts as an infinite phantom and assures full scatter condition. 24, 25) The collision kerma was inferred to closely approximate the absorbed dose to water in TG-43U1, which was regarded as valid in the 192 Ir HDR brachytherapy dosimetry by many authors [5] [6] [7] and reaffirmed recently by Melhus and Rivard 25) who assessed with MCNP5 26) calculation that the absorbed dose fraction of a
192
Ir brachytherapy source contributed by the secondary electron was less than 0.1% in the region 1 ≤ r ≤ 200 mm. The dose build-up in water due to the 192 Ir beta particles was found negligible. 27) In the present study, the absorbed dose to water and air originating only from photons of the IRH10
192 Ir brachytherapy source was calculated by means of the collision kerma approximation. The electron transport routines were turned off.
We used two coordinate systems in the calculation, i.e., the cylindrical and spherical coordinate systems. D(y, z) was calculated in cylindrical coordinate system by taking y-axis for the radial axis, which was the average absorbed dose to water over the volume of a cylindrical ring with the height and thickness of 0.5 mm. The concentric ring pile acts as the tally grids to cover y = 0 to 100 mm and z = -100 to 100 mm. Spherical coordinate system was used for the calculation of D(r, θ ). The spherical grid pile was composed of the concentric spherical shells covering r = 0 to 200 mm. Each shell was subdivided further with an angular width of 1° over the polar angle θ = 0 to 180°. The centers of these two grid piles were coincided at the center of the spherical water phantom. D(r, θ ) was the volumetric average of the absorbed energy in a ring-shaped shell slice. The centers of the cylindrical rings were designed to be located at the decimal grids of y and z in units of mm. For the ring-shaped shell slice, the centers were also located at the decimal grids of r in units of mm and θ in units of degree. The volume averaging artifact inherent in the present grid systems was reported to be less than 0.1%.
7)
The air kerma was calculated using a similar cylindrical ring system 10 mm thick and 10 mm high located on the transversal plane with its cylindrical axis parallel to z-axis and its center at the origin of Cartesian coordinate system. At first approximation, the distance from the origin to a point in the middle of the inner and outer radius of the tally ring was taken to the transversal distance for the calculation of the air kerma strength. In the present study, the transversal distance ranging from 5 cm to 2.0 m was considered, to which the order of 1 m was implied in TG-43U1.
The average kerma over the i-th tally ring due to the 192 Ir brachytherapy source was calculated on the fly during the photon transport: (2) where Kair or water, i is the air (or water) kerma per unit activity averaged over the volume of the i-th tally ring, Ψi, j(E) the differential energy fluence of j-th photon passing through the i-th tally ring, (μen/ρ)air or water the mass energy absorption coefficients of air (or water) and N the simulation history. We used the mass energy absorption coefficients taken from the latest on-line version of Hubbell and Seltzer. 28) The values between the prescribed energy grids were obtained using a fit line extracted by the commercial curve fit 
RESULTS AND DISCUSSION
Air kerma strength
In Fig. 2 , the differential photon fluence of IRH10 at the transversal distance of 5 cm is compared with other calculation of the microSelectron HDR source.
29) The 0.5 mm-thick and 0.2 mm-high cylindrical ring was used to score the track length. The agreement is reasonable in the sense that we used a similar but slightly different set of the initial 192 Ir photon spectra and the simulation geometry was comparable.
The calculated air kerma strengths are shown as a function of the transversal distance in Fig. 3 . The simulation history was 2 × 10 9 . The relative statistical uncertainty was less than 0.05% (1 standard deviation). As shown in the figure, all the air kerma strength values are nearly the same within 0.1% up to the transversal distance 1.5 m regardless of the calculations in vacuo or in air. The values calculated in air decrease as we approach to the end of the air cube due to the reduced fraction of the back-scattered photon. In principle, the data in vacuo remain constant within statistical uncertainty regardless of the distance since there is no attenuation and scatter in vacuum. Therefore the values in vacuo become greater than those in air at some distance where the attenuation effect overruns the backscatter factor. The average air kerma strength per unit activity in vacuo calculated with (μ en /ρ) air of the 40% relative humidity over the distance 0.5 to 1.5 m is 9.834 × 10 -8 U Bq -1 .
Dose rate constant and the dose rate values per unit air kerma strength
The dose rate constant of the IRH10
192
Ir HDR brachy- Fig. 2 . The photon fluence spectrum at the transversal distance of 5 cm from the source center. . The statistical uncertainty of the absorbed dose at 1.0 cm was less than 0.1% (1 standard deviation). The 2D Cartesian along-away (i.e., along z-axis and y-distance away) data of the dose rate per unit air kerma strength is presented in Table  3 . The simulation history was varied from 10 8 to 10 9 . The statistical uncertainties were in a level less than 0.5% except the data around the longitudinal axis where the statistical uncertainty was at 1%.
In Fig. 4 , the along-away data of IRH10 are compared with those of other selected HDR sources M-19 6) and Ir2.A85-2, 7) whose geometries are similar to IRH10 and have numerical tables recently published according to TG-43 report. The IRH10 data are mostly between those of M-19 and Ir2.A85-2. The agreement is within a few percent but in the vicinity of the longitudinal axis, the IRH10 data becomes to deviate up to 8% from those of the Ir2.A85-2.
Radial dose function
The radial dose function of the IRH10 is given in Fig. 5 and Table 4 . The simulation history was 10 9 . The statistical uncertainty was less than 0.1% (1 standard deviation). The 5-th order polynomial fit to the present radial dose function and its deviation in percentage are also shown in the figure. The deviation of the fit from the present radial dose function is mostly within 0.2% and do not exceed 1% in the range 0 to 20 cm. The present values compared also with those of similar HDR sources of Ir2.A85-2 and M19 and they differ 
Anisotropy function
The lookup data for the anisotropy function is given in Table 5 . The simulation history varies from 10 8 to 10 9 . The statistical uncertainties were mostly less than 0.5% except around the longitudinal axis where the statistical uncertainty approached to 1%. In Fig. 6 , the comparison results were also shown. The agreement is in a few percent except for those around the longitudinal axis where a maximum of 7% deviation was observed. 
Uncertainty analysis
In TG-43U1, the uncertainty is recommended to be analyzed based on the statistical (type A) and the systematic (type B) uncertainties. Type A uncertainty: the statistical uncertainty of the water kerma is mostly less than 0.5% except for those on the longitudinal axis where we have 1%. The statistical uncertainty of the air kerma strength is less than 0.1%. Type B uncertainty: The uncertainty of the cross section for the photon energy range 5 keV to 10 MeV was reported to be less than 2% 31) whereas Ballester et al. 30) took the uncertainty associated with the cross section to be 0.5%. The uncertainties originated from the machining tolerances of the IRH10
192 Ir HDR source were evaluated by successive MC runs with various input dimensions corresponding to the tolerance. The uncertainty of the air kerma strength due to the dimensional tolerances was in the level of 0.2% and it was around 0.3% in case of the absorbed dose to water. Note that Granero et al. estimated the uncertainty due to the geometric model of the simulation to be 0.5%.
5) The combined uncertainty due to the scoring methodology such as the kerma approximation, the ignorance of the beta particle transport and the volume averaging artifact is in the level of less than 0.3%. 5-7, 25, 27) The uncertainty of the initial energy distribution of the 192 Ir photon is 0.53%. According to the law of propagation of the uncertainty, the overall uncertainty is the square root of the summed square of the type A and the type B uncertainties. The combined uncertainties of the present dosimetry parameters are in the level of 2 to 3% if we take the type B uncertainty coming from the cross section to be 2%. In the mean time, if we take 0.5% for the cross section uncertainty we get to the enhanced level of uncertainty 1 to 2%.
CONCLUSION
By means of the Monte Carlo method using PENELOPE, the dosimetry parameters of the newly developed 192 Ir HDR brachytherpy source model IRH10 were calculated in accordance to the dosimetry formalism recommended in the AAPM report TG-43U1. The air kerma strength averaged over the distance 0.5 to 1.5 m was 9.834 × 10 -8 U Bq -1 when calculated in vacuo. The dose rate constant was 1.110 cGy/h U -1 . The dose rates per unit air kerma strength in the form of the 2D Cartesian along-away lookup table were presented. The radial dose and anisotropy functions were also given in tables and figures. The present values were compared with those of other similar 192 Ir HDR sources such as M- 19 6) and Ir2.A85-2.
7) The deviation of our data from those of other sources remained in order of a few percent The statistical uncertainties of the calculated data were mostly within a tenth of a percent except those around the longitudinal axis where the statistical uncertainty was about 1%. The overall uncertainty of the present dosimetry parameters were estimated to be in the range 2 to 3% if we take the type B uncertainty coming from the cross section to be 2%. .000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1. 
